The effects of vanadium on the microbial fuel cell performance, migration and distribution of V(Ⅳ) as well as electron transfer mechanism of single-chamber MFC were investigated by SEM, Fourier Transform Infrared Spectroscopy (FTIR), Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS). With anolyte vanadium concentration of 100 mg/L, the shortest degradation cycle was 130.67 h, while the degradation rate was 99.44%. V(Ⅴ) combined with hydroxyl and carboxyl groups to form V(Ⅳ) organic participates, part of which deposited on the anode surface, and the other part distributed in anolyte. V(Ⅴ) around cathode was reduced to V(Ⅳ) receiving electrons from the anode, meanwhile V(Ⅴ) in anolyte was reduced to V(Ⅳ) owing to the electrons transfer on membrane binding enzyme complex. V(Ⅴ) participated in cathode reactions instead of oxygen, accelerating the synchronization and integrity of electrode reactions.
INTRODUCTION
Microbial fuel cell(MFC) is a device that uses bacteria as catalysts to oxidize organic or inorganic matter and generate electricity, which can be used to treat certain organic wastewater and high-priced metal wastewater [1, 2] . MFC serves various advantages which include wide source of fuel, mild reaction conditions, good biocompatibility, and high efficiency in electricity-generation free of pollution [3] . Based on the double-chamber MFC, single-chamber air cathode MFC, exchange Membrane-less MFC, mixed bacteria electricity-generation MFC and other new configurations have been developed [4, 5, 6] . Vanadium is required by human body as a trace nutrient, but it becomes toxic at high concentration [7] . The toxicity of vanadium aggravates with its valence state and solubility [8, 9, 10] . V(Ⅴ) is the most toxic among vanadium ions of various valence states [11, 12] . In toxic waters the dominant vanadium species are the V(V) compounds [13] . The reduction of V(V) to V(IV) represents a major way to alleviate the impact of vanadium on living systems [14] . Physical and chemical methods are usually adopted to treat V(Ⅴ) wastewater with a vanadium concentration of 40~110 mg/L. However, the cost-effectiveness of such methods is questionable.
Biological treatment has recently aroused much attention as a new approach to manage wastewater. Haoran et al. [15, 16] utilized double-chamber MFC to reduce V(Ⅴ) to low toxicity V(Ⅳ), as equation (1) . It was suggested that appropriate amount of vanadium elements can promote the growth of a microorganism, and NaVO 3 anode catalyst can increase anode potential [17] . However, only few studies have reported the reduction of V(Ⅴ) in single-chamber MFC. Thus, further investigations of V(Ⅴ) reduction in single-chamber MFC are needed. In such a case, MFC electricitygeneration characteristics and electron transfer mechanism during the reduction of V(Ⅴ) by single chamber MFC were studied. Additionally, the transformation of V(Ⅴ) and the distribution of reduction product V(Ⅳ) were also discussed. The study has important implications for remediation of vanadiumcontaminated water bodies and the degradation and recovery of heavy metals.
EXPERIMENTAL METHOD

MFC fundamental structure
Single-chamber MFC consisted of two glass cylinders with a different diameter as shown in Fig. 1 . The total volume of the MFC was 419 mL. Three round graphite felts with a diameter of 6.5 cm were piled in anode as an electrode, while a single layer round graphite with a diameter of 10.5 cm was adopted in the cathode. The graphite felt fiber was designed with diameter of 15 μm, thickness of 4 mm, pore size of 100 to 200 μm, specific area of 0.47 m 2 •g -1 . Cathode and anode were connected by titanium wire with the external resistance of 515 Ω because excessive small external resistance was detrimental to stable operation for MFC [18] . Control group was identical to the experimental group but without external resistance. All the experiments were carried out at room temperature (30±2 ℃). All tests were conducted at least in duplicate, and all statistical analyses were performed by Origin Pro 8.5. 4 Cl, 10 mL of Wolfe Vitamin Solution, 10 mL of Wolfe Mineral Solution. 20 mmol/L CH 3 COONa was added when MFC finished a cycle. V(Ⅴ) was added into the above solution in the form of NaVO 3 with 200mg/L.
Testing and calculation
Electrochemical measurements
MFC output voltage data across the cell was recorded by a data acquisition system (AD8233H, Ribohua. China) at an interval of 5 min. Current density and power density were calculated according to formula (2) , (3) .
Where I d is the current density; U is the output voltage; R is the external resistance; P d is the power density; A is the anode area.
Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS) were tested by electrochemical workstations (CHI660D, CH Instrument Ins, China). CV was performed in a threeelectrode setup comprising a glassy carbon as a working electrode, a platinum foil as an auxiliary electrode and saturated calomel electrode as the reference electrode. CV of following solution were performed with scanning speed of 25 mV/s [19] : (1) the prepared V(Ⅴ) solution; (2) anolyte of MFC after substrate has been degraded completely without V(Ⅴ) added; (3) filtrate of (2) with 0.22 μm filter membrane; (4) anolyte of MFC after substrate has been degraded completely with V(Ⅴ) added; (5) the prepared vanadium-containing anolyte.
EIS was conducted in a frequency range of 0.005~100 KHz with an AC signal of 10 mV amplitude. Cathode or anode was used as working electrode, and the other electrode was used as the auxiliary electrode. Saturated calomel electrode was used as reference electrode. The data were fitted and simulated using Zview software based on a predetermined equivalent electrical circuit. After the first and second addition of vanadium, EIS was tested with 100 mV/s scanning speed.
Infrared Spectroscopy analysis
Infrared Spectroscopy: Fourier Transform infrared spectroscopy (FTIR) (ALPHA, BRUKER, Germany) was used to analyze the material changes of the bacterial membrane in vanadium-containing MFC and vanadium-free MFC. OPUS 5.0 software was applied to process the data.
Vanadium concentration measurements
Vanadium concentration in anolyte: Concentrations of Vanadium ions in each valence state and total vanadium were tested by potentiometric titration (ZDJ-4A, Leici, China) at the end of each cycle [20] .
Vanadium concentration adsorbed in anodic graphite felt: Cutting 1 cm 2 graphite, then put it into appropriate amount H 2 SO 4 (1+1). The graphite was heated in water-bath for 30 min at 80 ℃. The final pH of the medium was adjusted to 7.0 and the capacity was set to 50 mL. The amount of vanadium adsorbed on the graphite felt can be calculated.
RESULTS AND DISCUSSION
Start-up and operation of MFC
The degradation effect of the MFC experimental group and control group was compared in terms of output voltage and V(Ⅴ) degradation rate. Fig. 2 clearly showed that performance of the experimental set excelled control set. Only data of the experimental set were discussed.
Bacteria liquid were inoculated into the membrane-less air cathode microbial fuel cell. After 3 cycles operation, 1/2 anolyte was replaced with 1/2 vanadium-containing anolyte for three times (point A, B, C in Fig. 3 ). Maximum voltage declined from 406 mV to 237 mV after primary vanadium addition. The maximum output voltage increased gradually in subsequent cycles, and the maximum voltage finally stabilized at 447mV. The same amount of organic substrate was added each cycle, but the MFC operating cycle was shortened and the maximum output voltage was on the rise. Fig. 3 . When 1/2 vanadium-containing anolyte was replaced, the microorganism in MFC adapted gradually to the vanadium-containing anolyte with V(Ⅴ) concentration of 100 mg/L. At this stage, O 2 and V(Ⅴ) acted as an electron acceptor while CH 3 COONa acted as an electron donor. As a result, the system can resist external shocks to ensure stable operation.
conversion and transformation of V(Ⅴ) in MFC
Membrane-less air cathode MFC was constructed and operated for about 870 h. Concentrations of vanadium in each valence state in the anolyte and anodic graphite felt were shown in Table 1 . V(Ⅴ) was added to anolyte until the concentration of V(Ⅴ) remained stable. Linear fitting of V(Ⅴ) and V(Ⅳ) concentrations was performed at this time interval. Then, the slope absolute value of the fitted line represented the degradation rate of V(Ⅴ) and formation rate of V(Ⅳ). After three times the addition of V(Ⅴ), linear fitting lines of V(Ⅴ) and V(Ⅳ) concentration were A 1 , A 2 , B 1 , B 2 , C 1 and C 2 respectively. Linear fitting data were shown in Table 2 . From Table 2，the degradation rates of V(Ⅴ) were 0.5079, 0.7485, 0.7511, however, the formation rates of V(Ⅳ) were 0.2244, 0.3406, 0.1706 respectively after adding V(Ⅴ) for three times. The result showed that the formation rate of V(Ⅳ) was much lower than the degradation rate of V(Ⅴ) in anolyte. It can be assumed that part of V(Ⅳ) was adsorbed on the anode graphite felt. At the same time, the sum of vanadium concentration in anolyte and anode graphite felt was approximately equal to the theoretical value of vanadium concentration (41.9 mg, 73.75 mg, 103.70 mg), demonstrating that the reduction product of V(Ⅴ) distributed mainly in anolyte and anode graphite felt. The V(Ⅴ) degradation rates increased gradually, which were 98.45%, 99.16%, and 99.44% respectively. were antisymmetric and symmetrical stretching vibration peaks of COO [21] , indicating that -COOH was involved in pairing. V(Ⅳ) was able to combine with organic molecules [10] , and it was more stable for VO 2+ combined with hydroxyl group and carboxyl group at the same time [22] . Therefore, in the MFC system, V(Ⅴ) was reduced to V(Ⅳ), and V(Ⅳ) combined with microorganisms and their secreted organic matter to form VO 2+ participates. The composition was similar to that of the precipitates observed in a previously published vanadate bioreduction study [7, 14] . Some of V(Ⅳ) participates distributed in anolyte, and some of them were adsorbed by anodic graphite felt.
wavenumber/cm Figure 4 . Infrared spectra of anodic biofilm before and after vanadium addition
effect of V(Ⅴ) on MFC internal resistance
Output voltage polarization and power density of MFC without adding vanadium, adding vanadium at the first time and the second time were shown in Fig. 5(a) . Output power density reached its maximum when the external resistance was equal to the apparent internal resistance. It is indicated that the apparent internal resistance increases in the MFC system because power density reduces sharply after vanadium added. From EIS of cathode and anode ( Fig. 5(b) ), apparent internal resistance (the sum of anode, cathode polarization resistance and total ohm internal resistance) were 60 Ω, 280 Ω, 290 Ω and 290 Ω respectively before and after 1/2 replacement of vanadium-containing anolyte. The total ohmic resistance (the sum of the internal resistance of the cathode, anode, and anolyte) were 10.64 Ω, 248.35 Ω, 257.46 Ω and 257.75 Ω respectively, suggesting the ohmic resistance of MFC system increased dramatically.
It can be seen from Fig. 5(b) and Table 3 that the anodic polarization resistance decreased from 16.77 Ω to 12.79 Ω, 14.32 Ω, and 15.09 Ω, and the cathodic polarization resistance decreased from 32.59 Ω to 18.86 Ω, 18.22 Ω and 18.02 Ω after vanadium added. It was shown that the anodic polarization resistance decreases with the addition of V(Ⅴ), and the oxidation-reduction rate increased [23, 24] . The cathodic polarization resistance of the MFC system reduced significantly, resulting in the cathodic shielding effect of the electrochemical reaction on MFC system reduced obviously. 
Analysis of electron transfer path in MFC vanadium degradation
From CV of V(Ⅴ)-containing solution( Fig. 6(a) CV of V(Ⅴ)-containing anolyte before and after MFC processing is shown in Fig. 6(b) . A, A ' is the reduction peak of V(Ⅴ) to V(Ⅳ), and B, B' is the oxidation peak of V(Ⅳ) to V(Ⅴ). Positive shift in oxidation peak and reduction peak was observed for vanadium-containing anolyte after MFC treatment. With a positive shift of V(Ⅳ) oxidizing potential and a negative shift of V(Ⅴ) reduction potential, we can draw a conclusion that V(Ⅴ) is easier reduced to V(Ⅳ) while V(Ⅳ) is more difficult oxidized to V(Ⅴ) under the catalyst of microorganisms.
CV of vanadium-containing anolyte before and after filtering by 0.22 μm filter membrane was shown as Fig. 6(c) . CV of vanadium-containing anolyte after filtering by 0.22 μm filter membrane was smoother, and no redox peak was observed. The result proved that the redox material attached to the bacteria was filtered out. SEM of the anolyte filter and anode graphite felt was shown in Fig. 7 . A large number of bacteria attached to the anode graphite felt (Fig. 7(a) ), forming a biofilm (Fig. 7(b) ). V(Ⅳ) precipitates accumulated on surface of the biofilm (Fig. 7(c) ). After adding vanadium, the quantity of microorganisms ( Fig. 7(d) ) and V(Ⅳ) precipitates (Fig. 7(e) ) in the anode filter increased significantly.
Many researchers have proposed electron transfer mechanisms for MFC [27, 28, 29] : (1)Direct electron transfer is achieved via cell membrane binding enzyme complex or nanowires [30, 31] ; (2) Indirect electron transfer via electron shuttles or mediators [32, 33, 34, 35, 36] . Indirect electron transfer means organic or inorganic soluble compounds are reduced or oxidized in the cell and then react with insoluble electron acceptors or donors [37] . And there are two mechanisms for V(Ⅴ) reduction by microbes: intracellular [38] and membrane-associated [39] V(Ⅴ) reduction. In the intracellular reduction model, through the phosphate transport system into the cell [40] , vanadate oxyanion is reduced by high concentrations of intracellular reducing agents. In such a case, a small quantity of vanadium may remain in the cell. On the contrary, the membrane associated bioreduction model proposes that V(Ⅴ) reduced to vanadyl by vanadate-reductase system embedded in the cell membrane [41, 42, 43, 44] and no vanadium enters the cell. Fig. 6(c) showed that the substances involved in the redox reaction in the anolyte were insoluble, and nanowires were not observed in Fig. 7 . Besides, results revealed that almost all the vanadium distributed in anolyte and anode graphite felt, not inside the cells (Table 1) . Therefore, we concluded that V(Ⅴ) bioreduction by these methanogens should be extracellular and electron in anolyte is transferred through cell membrane binding enzyme complex.
The electron transfer model in MFC is shown in Fig. 8 , where (A) is around the anode. In the area, electricity-generation bacteria attached to the anode consumes CH 3 COONa and produces electrons with the catalysis of membrane binding enzyme complex. 
CONCLUSIONS
(1) single-chamber MFC is able to reduce V(Ⅴ) and generate electricity. With anolyte vanadium concentration of 100 mg/L, the shortest degradation cycle was 130.67 h, and the degradation rate was 99.44%. The voltage maximum dropped from 406 mV to 384 mV after vanadium addition and the voltage maximum rose to 447 mV subsequently because the microorganism adapts to the vanadium-containing anolyte gradually and the MFC tends to be steady-going. After adding V(Ⅴ) into MFC, anode and cathode polarization resistances decreased and oxidation-reduction reaction rates increased. V(Ⅴ) participate in cathode reaction, accelerating the synchronization and integrity of cathode and anode reaction. In addition, the reduction of V(Ⅴ) is easier achieved in the MFC system.
(2) The electron transfer path for MFC V(Ⅴ) reduction is as follows: Bacteria consumed organic matter to generate electrons, and part of the electrons passed to the cathode through the anode. Accepting electrons from the cathode, V(Ⅴ) is reduced to V(Ⅳ). Additionally, electron transfer through membrane binding enzyme complex on the microbial cell membrane in anolyte. As a result, V(Ⅴ) bioreduction occure extracellularly.
(3) V(Ⅴ) in MFC anolyte is reduced to V(Ⅳ) as electron acceptor. V(Ⅳ) combine with microorganism and hydroxyl, carboxyl groups to form V(Ⅳ) organic participates, enriching in the anolyte or anode. The formation of V(Ⅳ) participates in anolyte resulte in an increase of total ohmic resistance and total vanadium content dramatically; V(Ⅳ) participates adsorb on anode surface and increase gradually with the MFC running.
